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GENERAL OBSERVATIONS 

Gas composition measurements a s  a func t ion  of d i s t a n c e  o r  t i m e  through t h e  re- 
a c t i o n  zone of f u e l - r i c h  premixed f lames r e v e a l s  t h e  occurrence  of high molecular  
weight aromatics  formed by growth r e a c t i o n s  t h a t  accompany t h e  d e s t r u c t i o n  of t h e  
f u e l .  
weight M e x h i b i t s  a sharp  peak (Fig.  1) i n d i c a t i v e  of n e t  product ion  of heavy ma- 
t e r ia l  g iv ing  way t o  n e t  consumption dur ing  passage through t h e  r e a c t i o n  zone of 
the  flame (from l e f t  t o  r i g h t  i n  t h e  f i g u r e ) .  The d a t a  i n  Fig.  1 were obta ined  by 
probing along t h e  c e n t e r l i n e  of a low-pressure,  one-dimensional o r  plug-flow pre- 
mixed acetylene-oxygen flame us ing  a molecular-beam forming sampling instrument  
with on-line mass spectrometry.  The heavy aromat ics  a t  f lame tempera tures ,  h e r e  
about  1800 K ,  i n c l u d e  both  i o n s  and n e u t r a l s .  The heavy i o n s  p r o f i l e  i n  Fig.  1, 
obtained (1) wi th  a Faraday cage and e l e c t r i c a l  d e f l e c t i o n  of the  molecular  beam 
i n  t h e  sampling instrument  ( 2 ) ,  inc ludes  i o n s  l a r g e r  than  about 300 amu. The pro- 
f i l e  f o r  M > 1000 amu s p e c i e s ,  ob ta ined  ( 3 )  with an on- l ine  quadrupole  mass spec- 
t rometer  i n  the  sampling instrument  (Fig.  2 ) ,  inc ludes  both  i o n s  and n e u t r a l s .  
The r e a c t i o n s  involved a r e  r a p i d ,  3 mm of d i s t a n c e  i n  F ig .  2 corresponding t o  a 
t i m e  i n t e r v a l  of  about  1 m s .  When the  f u e l  equiva lence  r a t i o  [+ = ( fue l /oxygen) /  
( fuelfoxygen)  s t o i c h i o m e t r i c ]  is above t h e  c r i t i c a l  v a l u e  f o r  s o o t  format ion ,  i t  
i s  a t  t h e  l o c a t i o n  of the  peak concent ra t ion  of t h e  heavy aromat ic  compounds t h a t  
t h e  soot  p a r t i c l e s  begin t o  form ( 4 ) .  When soot  formation i s  impending, an in- 
c rease  of fuel /oxygen r a t i o  by only a few percent  g i v e s  a 100-fold i n c r e a s e  i n  t h e  
peak concent ra t ion  of t h e  heavy aromat ics .  

The lumped concent ra t ion  p r o f i l e  of a l l  s p e c i e s  heavier  than molecular  

RESOLUTION OF MOLECULAR WEIGHT GROWTH 

I n  order  t o  g a i n  more understanding of the  e v o l u t i o n  of heavy hydrocarbons,  
mass spectrometer  i n t e n s i t y  p r o f i l e s  such as t h a t  f o r  IM>~OOO i n  Fig.  1 b u t  wi th  
t h e  cu tof f  mass M var ied  i n  50 amu s t e p s  from 200 amu t o  750 amu were measured i n  
a near-soot ing low-pressure (2.67 kPa) CgH6/02 flame ( 4 , 5 ) .  I f  IM>~OOO i s  the  s i g -  
n a l  i n t e n s i t y  of a l l  s p e c i e s  of molecular  weight M g r e a t e r  than t h e  cu tof f  va lue  
m,  then a p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  ( p . d . f . )  f200(m) can be def ined  as 

f200(m) = - d [ ~ , m / ~ , 2 0 0 1 / d m  

where f 
l y i n g  &'?he range m t o  m + dm. 

(m) r e p r e s e n t s  t h e  number f r a c t i o n  of a l l  s p e c i e s  g r e a t e r  than 200 amu 

The p . d . f . ' s  f o r  f i v e  d i s t a n c e s  from the burner  (5) are shown i n  F i g .  3. 
The p .d . f .  a t  7.95 nun i s  h e a v i l y  weighted toward t h e  mass range 200-300 m u .  A s  
t h e  d i s t a n c e  from t h e  burner  i n c r e a s e s ,  t h e  p . d . f .  i n c r e a s e s  a t  t h e  h igher  masses 
and decreases  a t  t h e  lower masses. A t  d i s t a n c e s  above 10 .0  nun, t h e  s i g n a l  be- 
tween 200 and 300 amu is a s m a l l  t o  n e g l i g i b l e  f r a c t i o n  of  t h e  t o t a l ,  and t h e  d is -  
t r i b u t i o n s  a r e  r e l a t i v e l y  uniform i n  t h e  range 300-600 amu. A t  10 .9  and 1 2 . 1  mm, 
the  d i s t r i b u t i o n s  t u r n  upward a t  t h e  f a r  r i g h t  i n d i c a t i v e  of a f a s t e r  growth of 
the  higher-mass s p e c i e s ,  bu t  i t  i s  n o t  known i f  t h i s  apparent  behavior  i s  real or 
an a r t i f a c t  of t h e  d a t a  a t  t h i s  high-mass extreme of  t h e  mass range s tudied .  

These observa t ions  show t h a t  a l though t h e  number d e n s i t y  of h igh  molecular  
weight s p e c i e s  decreases  wi th  d i s t a n c e  from t h e  burner  beyond t h e  l o c a t i o n  of the 
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maximum concent ra t ion  ( e . g . ,  Fig.  1). t h e  mean molecular  weight c o n t i n u a l l y  increas-  
es. I n  order  t o  determine how t h e  t o t a l  mass of heavy s p e c i e s  changes a s  t h e  number 
decreases ,  t h e  p .d . f .  has  been m u l t i p l i e d  by m t o  conver t  t o  a mass b a s i s  and by 

t o  normalize t h e  mass wi th  t h e  c o n s t a n t  number of moles of heavy m a t e r i a l  e x i s t i n g  
a t  an a r b i t r a r i l y  f i x e d  d i s t a n c e  ( z  = 7.95 mm) from t h e  burner .  The r e s u l t i n g  
func t ion ,  

i s  shown i n  Fig.  4 f o r  d i f f e r e n t  molecular  weights  a s  a f u n c t i o n  of d i s t a n c e  from 
t h e  burner (5 ) .  A p o i n t  on one of t h e  curves r e p r e s e n t s  the  m a s s  of spec ies  of the 
ind ica ted  molecular  weight  e x i s t i n g  a t  the  i n d i c a t e d  d i s t a n c e  from t h e  burner ,  ex- 
pressed a s  a r a t i o  t o  t h e  t o t a l  number of moles of M>200 amu m a t e r i a l  e x i s t i n g  a t  
7.95 mm. 

It can be seen  i n  F ig .  4 t h a t  the  mass of m a t e r i a l  a t  a g iven  molecular  weight 
e x h i b i t s  a peak a t  a h e i g h t  above burner  which i n c r e a s e s  wi th  i n c r e a s i n g  mass num- 
b e r .  The shapes of t h e  curves and t h e  l o c a t i o n  of t h e  peaks a r e  t h e  same a s  would 
be  seen i f  number of moles i n s t e a d  of mass were p l o t t e d ,  s i n c e  t h e  number curves  
could be produced by v e r t i c a l  displacement  of each mass curve i n  accordance wi th  
d i v i s i o n  by the  c o n s t a n t  molecular  weight  i n d i c a t e d  thereon.  I n  comparison with 
mole f r a c t i o n  p r o f i l e s  f o r  i n d i v i d u a l l y  i d e n t i f i e d  s p e c i e s  of m less than o r  equal  
t o  200 amu, shown la ter ,  t h e  curves i n  Fig.  4 c o n s t i t u t e  a c o n t i n u a t i o n  of t h e  
progress ion  seen f o r  the  i n d i v i d u a l  hydrocarbon s p e c i e s ,  namely molar concent ra t ion  
p r o f i l e s  peaking as m i n c r e a s e s .  F igure  4 shows t h a t  t h e  peak concent ra t ions  a l s o  
decrease  as m i n c r e a s e s .  The mean molecular  weight and o v e r a l l  mass and number 
concent ra t ions  of t h e  high-mass material (5) a r e  shown i n  F ig .  5 .  

INTERPRETED GROWTH BEHAVIOR 

The above informat ion  shows t h a t  the  rap id  decrease  i n  number concent ra t ion  of 
heavy spec ies  t h a t  occurs  immediately downstream of the  peak concent ra t ion  (Fig. 1) 
i s  n o t  only accompanied by i n c r e a s i n g  mean molecular  weight but  a l s o  a n e t  consump- 
t i o n  o r  l o s s  of  m a t e r i a l .  Whether t h i s  consumption i s  due t o  oxida t ion ,  p y r o l y s i s ,  
o r  a combination of  these  has  been addressed (5) by c a l c u l a t i o n  of  f l u x e s  of 02 and 
hydrocarbon s p e c i e s  a t  t h e  beginning and end of t h e  zone of t h e  heavy s p e c i e s  con- 
sumption, both f o r  t h e  above near-soot ing flame d a t a  and f o r  similar d a t a  from a 
s o o t i n g  C 6 H 6 / 0 2  flame opera ted  under o therwise  i d e n t i c a l  condi t ions .  The f r a c t i o n  
of t h e  i n i t i a l  oxygen remaining a s  O2 a t  t h e  beginning of t h e  zone of rap id  con- 
sumption of M>700 amu m a t e r i a l  i s  37.2% and 18.3% f o r  the  near-soot ing and s o o t i n g  
f lames ,  r e s p e c t i v e l y ,  and t h e  0 remaining a t  t h e  end of t h e  zone of rap id  consump- 
t i o n  of M>700 amu m a t e r i a l  i s  a2out  1% of t h e  i n i t i a l  va lue  i n  both  flames. There- 
f o r e  t h e  amount of o x i d a t i o n  occurr ing  w i t h i n  t h i s  zone is indeed s u b s t a n t i a l ,  thus  
a l lowing  the p o s s i b i l i t y  t h a t  o x i d a t i o n  p lays  a r o l e  i n  t h e  d e s t r u c t i o n  of t h e  high- 
mass m a t e r i a l  or its p y r o l y t i c  decomposition products .  I t  i s  a l s o  found t h a t  t h e  
amount of M>700 arnu m a t e r i a l  i n c r e a s e s  by a f a c t o r  of  100 i n  going from the n e a r l y  
s o o t i n g  t o  t h e  s o o t i n g  c a s e ,  even though the  benzene fed is only  increased  by about 
10%. I n  a d d i t i o n ,  t h e  benzene f u e l  i s  almost  gone when the  M>700 m a t e r i a l  reaches  
i t s  maximum concent ra t ion ,  i n d i c a t i n g  t h a t  t h e  amount of t h e s e  heavy s p e c i e s  con- 
t i n u e s  t o  i n c r e a s e  as long a s  benzene is a v a i l a b l e .  This  behavior  may mean t h a t  
t h e  concent ra t ion  of o x i d i z i n g  r a d i c a l s  t h a t  consume heavy s p e c i e s  i s  suppressed 
by r e a c t i o n  with benzene, and a l s o  t h a t  benzene s e r v e s  as a source  of  growth s p e c i e s  
f o r  t h e  heavy material. When t h e  heavy s p e c i e s  are undergoing rap id  consumption, an 
even l a r g e r  q u a n t i t y  of  t h e  p r e v a l e n t  in te rmedia te ,  a c e t y l e n e ,  i s  be ing  consumed. 
Consequently, wi th  regard  t o  t h e  molecular  weight  growth t h a t  accompanies t h e  de- 
s t r u c t i o n  of heavy compounds, a c e t y l e n e  and r e l a t e d  s p e c i e s  such as d i a c e t y l e n e  
(C4H2) and v inylace ty lene  (C4H4) may be important  r e a c t a n t s .  



IDENTIFIED SPECIES 

Species  and r e a c t i o n s  involved i n  the  e a r l y  s t a g e s  of  t h e  formation of h igh  
molecular  weight compounds were s tud ied  (3 ,4)  i n  t h e  near-soot ing C6H6/02 f lame 
d iscussed  above us ing  t h e  ins t rument  shown i n  Fig.  2. Measured mole f r a c t i o n  pro- 
f i l e s  from which s p e c i e s  f l u x e s  and n e t  r e a c t i o n  r a t e s  were computed a r e  presented  
i n  F igs .  6-10. It w i l l  be noted i n  these  f i g u r e s  t h a t  numerous in te rmedia tes  are 
involved whose formation and subsequent d e s t r u c t i o n  e x h i b i t  a g e n e r a l  t rend  t o  
l a r g e r  molecular weights  and smaller peak concent ra t ions .  It is  c h i s  progress ion  
o r  s e q u e n t i a l  growth t h a t  i s  mentioned above a s  cont inuing  on t o  t h e  h igh  molecu- 
l a r  weight spec ies .  This  behavior  i n  both  the  near-soot ing C6H6/02 flame and t h e  
soot ing  C2H2/02 flame d iscussed  above i s  i l l u s t r a t e d  i n  F ig .  11 where t h e  mole 
f r a c t i o n s  of s e l e c t e d  compounds are p l o t t e d  wi th  t h e  i n t e n s i t i e s  of  heavy s p e c i e s .  
The growth proceeds on t o  s o o t  i f  t h e  fuel /oxygen r a t i o  exceeds t h e  c r i t i c a l  s o o t  
l i m i t .  

MECHANISTIC FEATURES OF AROMATICS GROWTH 

Analysis  of t h e s e  d a t a  has  provided some i n s i g h t s  i n t o  p o s s i b l e  mechanisms of  
d e s t r u c t i o n  of t h e  f u e l  and the  formation and d e s t r u c t i o n  of in te rmedia tes  ( 3 , 4 , 6 ) .  
There i s  i n d i c a t i o n  t h a t  aromatic  hydrocarbons provide a s t r u c t u r e  capable  of s t a -  
b i l i z i n g ,  by i n t e r n a l  aromatic  s u b s t i t u t i o n  r e a c t i o n s ,  t h e  r a d i c a l s  formed from 
a d d i t i o n  of aromatic  r a d i c a l  s p e c i e s  t o  non-aromatics. S p e c i f i c a l l y ,  it appears  
t h a t  t h e  combined presence of aromatic  r a d i c a l s ,  unsa tura ted  a l i p h a t i c s  such as 
a c e t y l e n i c  spec ies  and H atoms i s  p a r t i c u l a r l y  f a v o r a b l e  t o  growth of PAH and 
s o o t .  Therefore ,  t h e  product ion of phenyl r a d i c a l  (C6H5) and t h e  competi t ion be- 
tween i t s  d e s t r u c t i o n ,  e s p e c i a l l y  with 02, and a d d i t i o n  t o  unsa tura ted  a l i p h a t i c s  
a r e  important f a c t o r s  i n  t h e  molecular weight growth of a romat ics .  

With these  mechanis t ic  p o i n t s  i n  mind we r e t u r n  t o  t h e  e a r l i e r  d i s c u s s i o n  of 
t h e  consumption of s p e c i e s  immediately downstream of t h e  peak concent ra t ion  of t h e  
h igh  molecular  weight m a t e r i a l .  While t h e  consumption is mainly by o x i d a t i o n ,  i t  
i s  accompanied by f u r t h e r  i n c r e a s e  i n  t h e  mean molecular  weight of t h e  heavy 
s p e c i e s .  Since t h e  l a r g e s t  amount of m a t e r i a l  being consumed is  ace ty lene ,  d iace-  
t y l e n e ,  and v inylace ty lene ,  and s i n c e  t h e s e  unsa tura ted  a l i p h a t i c s  a r e  i d e n t i f i e d  
a s  important  s p e c i e s  f o r  molecular  weight growth by a d d i t i o n  r e a c t i o n s  with a ro-  
mat ic  r a d i c a l s ,  one can i n f e r  t h a t  the  a c e t y l e n i c  s p e c i e s  do indeed c o n t r i b u t e  t o  
t h e  growth of the  aromatic  s t r u c t u r e s  of which t h e  heavy molecules  and s o o t  are 
comprised, presumably by a d d i t i o n  r e a c t i o n s  wi th  t h e  heavy aromat ics .  Aromatic 
s p e c i e s  with a c e t y l e n i c  s i d e  groups a r e  observed i n  the  mass range (2’200 amu) where 
i n d i v i d u a l  i d e n t i f i c a t i o n s  were p o s s i b l e ,  and t h e  amount of a c e t y l e n i c  s p e c i e s  con- 
sumed i n  t h i s  r e g i o n  of t h e  flame g r e a t l y  exceeds t h e  amount of s o o t  eventua l ly  
formed. However, t h e  peak f l u x  of heavy s p e c i e s  a l s o  exceeds t h e  amount of s o o t  
eventua l ly  formed, so  t h e  propor t ions  of t h e  f i n a l  soot  mass cont r ibu ted  by t h e  
a c e t y l e n i c  s p e c i e s  and by t h e  heavy aromatics  are not  e s t a b l i s h e d .  Q u a l i t a t i v e l y  
similar behavior  was observed i n  a soot ing  acetylene/oxygen f lame.  In  both t h e  
ace ty lene  and benzene f lames ,  t h e  o x i d a t i v e  and p o s s i b l y  p y r o l y t i c  d e s t r u c t i o n  of 
heavy spec ies  occurr ing  downstream of t h e i r  peak c o n c e n t r a t i o n  would appear  t o  be  
an important source  of p o l y c y c l i c  aromatics  emi t ted  from t h e  flame. 

FORMATION OF FIRST AROMATIC R I N G S  

In  flames of a l i p h a t i c  f u e l s  t h e  f i r s t  aromatic  r i n g s  must be formed from non- 
aromatic  precursors .  P o s s i b l e  mechanisms f o r  t h i s  c r i t i c a l  s t e p  have been assessed  
( 7 ) by comparing predic ted  formation r a t e s  a g a i n s t  exper imenta l  va lues  c a l c u l a t e d  
from mole f r a c t i o n  p r o f i l e s  of compounds measured i n  a low-pressure 1,3-butadiene/  
oxygen flame us ing  t h e  ins t rument  shown i n  Fig.  2 .  Postu la ted  mechanisms involv ing  
butad ienyl  r a d i c a l  (C H ) r e a c t i n g  with an a c e t y l e n i c  s p e c i e s  and followed by rap id  4 5  
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c y c l i z a t i o n  w e r e  found t o  form benzene, to luene ,  phenylace ty lene ,  and s t y r e n e  a t  
rates c o n s i s t e n t  wi th  t h e  d a t a .  The r a t e - c o n t r o l l i n g  s t e p s  and p r e d i c t e d  r a t e  
c o n s t a n t s  are as fol lows:  

C H + C2H2 -+ C6H6 + H ,  l o g  kl = 8.5 - 3.7/8 
4 5  

4 5  

4 5  

4 5  6 5 2 3  

where k's a r e  i n  L mo1-1s-' and f3 = 2.3 RT i s  i n  k c a l  mol-'. 
could subsequent ly  p a r t i c i p a t e  i n  molecular  weight growth as d iscussed  above. 

C H 

C H 

+ C3H4 -+ C6H5CH3 + H 

+ C4H2 -+ C6H5C2H + H ,  

l o g  k2 = 8.5 - 3.7/8 

l o g  k3 = 8 . 5  - 1.8/e 
C H + C4H4 + C H C H + H, l o g  k4 = 8.5 - 0.6 /8  

Aromatics thus  formed 

CONCLUSIONS 

The chemistry of heavy aromat ic  compounds i n  f u e l - r i c h  flames involves  numerous 
in te rmedia te  s p e c i e s  whose s e q u e n t i a l  format ion  and d e s t r u c t i o n  g i v e  a progression 
t o  decreas ing  amounts of i n c r e a s i n g l y  heavy s p e c i e s ,  l e a d i n g  eventua l ly  t o  soot  i f  
t h e  fuel /oxygen r a t i o  is h igh  enough. The combined presence of a romat ic  r a d i c a l s ,  
unsa tura ted  a l i p h a t i c s  such as a c e t y l e n i c  s p e c i e s  and H atoms i s  p a r t i c u l a r l y  fa-  
v o r a b l e  t o  molecular  weight growth. When t h e  i n i t i a l  f u e l  c o n t a i n s  no a romat ics ,  
mechanisms c o n t r o l l e d  by butad ienyl  r a d i c a l  r e a c t i n g  wi th  a c e t y l e n i c  s p e c i e s  can 
form s i n g l e - r i n g  aromatics  a t  r a t e s  c o n s i s t e n t  wi th  observed va lues .  
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FIGURE 1. Concent ra t ion  of heavy ions  
and s i g n a l  i n t e n s i t y  of high-mass 

lene-oxygen flame ( 0 = equivalence 

v e l o c i t y ) .  
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FIGURE 2 .  Molecular beam m a s s  spec t ro-  
meter system f o r  t h e  s tudy  of one-dim- 
e n s i o n a l  low-pressure premixed laminar  
f lames.  
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FIGURE 3 .  (ABOVE, LEFT) P r o b a b i l i t y  d e n s i t y  func t ion  f o r  high-mass s i g -  
n a l  a t  s e v e r a l  p o s i t i o n s  i n  near-soot ing benzene-oxygen flame. (Pres-  
s u r e  = 2.67 kPa; cold gas  v e l o c i t y  = 5 0  cm/s; equivalence r a t i o  = 1.8.) 

FIGURE 4 .  (ABOVE, RIGHT) V a r i a t i o n  wi th  d i s t a n c e  from burner  of mass of 
m a t e r i a l  i n  molecular  weight range m t o  m + dm a t  d i f f e r e n t  molecular  
weights ,  normalized wi th  number of moles of M>200 amu m a t e r i a l  a t  7.95mm 
above burner .  (Same flame a s  i n  Fig. 3 . )  

FIGURE 5. (BELOW) V a r i a t i o n  of mean molecular  weight and mass and number 
concent ra t ion  of M>200 amu m a t e r i a l  wi th  d i s t a n c e  from burner .  (Same 
flame as i n  F ig .  3 . )  
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F I G U R E  6 .  ( L E F T )  Mole f r a c t i o n s  and temperature  VS. d i s t a n c e  
from burner  i n  near-soot ing benzene-oxygen flame. 
f lame a s  i n  F i g .  3 . )  

(Same 

F I G U R E  7.  ( R I G H T )  Mole f r a c t i o n s  of s p e c i e s  wi th  masses 
between 15  and 44 amu vs.  d i s t a n c e  from burner  i n  near-soot- 
i n g  benzene-oxygen flame. 
(B) Mass 42  may be C 3 H 6  o r  C 2 H 2 0 .  

(A) Mass 29 may be C 2 H 5  o r  HCO. 
(Same flame a s  i n  Fig.  3 . )  
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FIGURE 8. ( L E F T )  Mole fractions of C4 (A), C5 and Cf, (B) 
hydrocarbons vs .  distance from burner in near-sooting ben- 
zene-oxygen flame. (Same flame as in Fig. 3 . )  

FIGURE 9 .  (RIGHT)  Mole fractions of species with masses 
between 9 0  and 100 amu VS. distance from burner in near- 
sooting benzene-oxygen flame. (Same flame as in Fig. 3 . )  
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FIGURE 10 .  (LEFT) Mole f r a c t i o n s  of po lycyc l i c  aromatic  hy- 
drocarbons VS.  d i s t a n c e  from burne r  i n  a near-soot ing ben- 
zene-oxygen flame. (Same f lame as i n  Fig.  3 . )  

FIGURE 11. (RIGHT) Mole-fract ion p r o f i l e s  of s e l e c t e d  com- 
pounds and s i g n a l  i n t e n s i t y  p r o f i l e s  of high molecular  
weight  s p e c i e s  f o r  benzene-oxygen (above) and acetylene-  
oxygen (below) flames. [Same f lames as i n  F ig .  3 (above) 
and Fig.  1 (below).]  
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